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On-channel base stacking in microchip capillary gel electrophoresis
for high-sensitivity DNA fragment analysis
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Abstract

We evaluated a novel strategy for high-sensitivity DNA fragment analysis in a conventional glass double-T microfluidic chip. The microchip
allows for a DNA on-channel concentration based on base stacking (BS) with a microchip capillary gel electrophoretic (MCGE) separation
step in a poly(vinylpyrrolidone) (PVP) sieving matrix. Depending if low conductivity caused a neutralization reaction between the hydroxide
ions and the run buffer component Tris+, the stacking of DNA fragments were processed in the microchip. Compared to a conventional MCGE
s separation
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eparation with a normal electrokinetic injection, the peak heights of 50–2650-base pair (bp) DNA fragments on the MCGE-BS
ere increased 3.9–8.0-fold. When we applied the MCGE-BS method to the analysis of a clinical sample of bovinetheileria after PCR

eaction, the peak height intensity of the amplified 816-bp DNA fragment from the 18S rRNA ofT. buffeliwas enhanced 7.0-fold compa
o that of the normal injection method.

2004 Elsevier B.V. All rights reserved.
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. Introduction

Microchip capillary electrophoresis (MCE) is becoming a
owerful and effective analytical technique for DNA analysis
ue to its analytical throughput, speed, small reagent volume,
utomation, miniaturization, and high resolution[1–15]. The
ost significant advantage of MCE in DNA fragment analy-

is is its high speed compared to conventional slab gel elec-
rophoresis. However, although MCE has advantages over
lab gel electrophoresis, a major limitation of MCE analysis
s the small sample volume, which causes a low concentration
ensitivity. Developing an on-line pre-concentration tech-
ique that can be used for conventional commercial MCE
pparatuses is generally desirable[11–18], because changing

he microchip design to enhance the injection amount and the
etection window length can cause another problem such as
and broadening[19,20]. There are a few approaches to this
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matter that describe pre-concentrated DNA samples i
microchip channel prior to separation[11–15]. Solid-phas
extraction (SPE) used a microchip with C18-coated channe
and octadecylsilane-coated channel[21,22]. The SPE
method increased detection sensitivity 80- and 500-
However, it is not easy to apply this method to a microchip
it involves complex coating or packing the microchip chan
that has been sealed, usually irreversibly. Another me
isotachophoresis (ITP) uses a binary buffer system to m
the sample constituents between a leading and a termin
buffer. Among the methods, ITP is becoming an impor
technique for DNA pre-concentration on microchips[14,15]
since Bodor et al.[23] first reported microfluidic device
that utilized integrated sample pre-concentration by IT
detect food additives. The ITP method has the advanta
improving the detection sensitivity without a loss in p
resolution. However, although ITP could be a powe
DNA sample concentration technique, it is not a sim
method. This is because ITP needs another buffer sy
such as leading electrolyte and terminating electrolyte
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.12.045
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well as a long sample injection time. A modification of
chip design is also necessary to apply the ITP technique to
MCE [15].

In capillary electrophoresis (CE), the base stacking (BS)
method enables direct injection of unpurified products of dye-
primer sequencing reactions into capillaries without any pre-
treatments. On-column concentration of DNA fragments in
CE is achieved simply by an electrokinetic injection of hy-
droxide (OH−) ions. A neutralization reaction between the
OH− ions and the run buffer component Tris+ results in a
zone of lower conductivity, within which field focusing oc-
curs. The BS technique was first proposed by Xiong et al. and
was applied to the sample concentration method for capillary-
based DNA sequencing[24]. Zhang et al. also applied the BS
technique for the high-throughput polymerase chain reaction
(PCR) analysis of clinical samples by CE[25]. Unlike other
on-line pre-concentration techniques, the BS method is very
simple, since the introduction step of OH− ions is needed
only before the injection of DNA sample. However, there are
no reports regarding on-line DNA pre-concentration by the
BS technique in MCE, in spite of its simplicity.

In this study, we developed a microchip capillary gel elec-
trophoretic (MCGE) separation method with a BS (MCGE-
BS) as an on-line pre-concentration technique, which uses
just one run buffer system, to enhance DNA fragment sen-
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GCA AAT GCT-3′) primers synthesized by GenoTech (Dae-
jeon, South Korea) were used for the amplification of an
816-bp DNA fragment from 18S rRNA ofT. buffeli (buf-
feli/orientalis/sergenti).

2.2. PCR sample preparation

In bovine theileria PCR, the amplified fragment 816-bp
DNA from the 18S rRNA ofT. buffeliwas obtained directly
from 200 nl of a whole blood sample. The reaction was per-
formed in a thermal cycler (Perkin-Elmer model 2400, USA)
using the same procedure, described by Kang and co-workers
[26,27], at the following temperatures: 10 min incubation at
80◦C; 40 cycles of denaturing at 80◦C for 30 s, annealing
at 40◦C for 60 s, and extension at 60◦C for 60 s; followed
by a 7 min hold at 60◦C. The 10�l PCR reaction mixture
had the following final composition: 3 mM MgCl2, 1�l of
10× PCR buffer, 0.25 mM of dNTP, 0.4�M of each forward
and reverse primer, 16% formamide, 2 U ofTaqDNA poly-
merase and 200 nl of whole blood (or purified DNA). Finally,
each amplified product was introduced into the MCE or CE
system.

2.3. Capillary electrophoresis for conductivity
measurement
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itivity and resolution efficiency without having to mod
he chip design. Since the BS occurs simultaneously
he electrokinetic injection of OH− and DNA sample, th
tacking is initiated at the low-conductivity zone of the
rochip channel, which results in an increased DNA s
le concentration. Base stacking of DNA fragments,
lass microchip, with an applied electric field that use
onventional double-T microchip, is demonstrated for h
ensitivity PCR DNA fragment analysis without any c
odification.

. Experimental

.1. Chemical and reagents

A 1× TE buffer (50 mM Tris–HCl, 2 mM EDTA, pH
.0) was prepared by dissolving in proportion Trizma-b
rizma-hydrochloride, and EDTA disodium (all from Sigm
t. Louis, MO, USA) in deionized water. The microc
hannel sieving matrix was made by dissolving 2% (w
f 1 000 000Mr poly(vinylpyrrolidone) (PVP) from Poly
cience (Warrington, England) into the 1× TE buffer with
.5�g/ml ethidium bromide (EtBr) (St. Louis, MO, USA
50-bp DNA ladder was purchased from Invitrogen (Ca

ad, USA). For the whole blood PCR of bovinetheileria, 10×
CR buffer, 25 mM MgCl2, formamide, EtBr and 2.5 mM
NTP mix were purchased from Promega (Madison,
SA). The Taq DNA polymerase (5 U/�l) was obtained

rom Super-Bio (Suwon, Korea). The forward (5′-AAA CTG
GA ATG GCT CAT-3′) and reverse (5′-ACA TCC TTG
The experimental CE setup for a conductivity meas
ent was similar to that described in[28]. To measur

he conductivity of the fluid in the capillary, a 1 k� resis-
or was inserted between the waste reservoir electrod
he ground. A Spellman 1000R high-voltage power su
Spellman High Voltage, Hauppauge, USA) was used to d
lectrophoresis. A 60 cm (30 cm effective length)× 50�m

.d. bared fused-silica capillary (Polymicro Technolog
hoenix, AZ, USA) were used as a separation capil
he run buffer was composed of 1× TE buffer (pH 8.0
ith 0.5�g/ml EtBr. The capillary sieving matrix was ma
y dissolving 4% (w/v) of 1 000 000Mr PVP into the 1×
E buffer with 0.5�g/ml EtBr. After the sample was i

ected electrokinetically at 50 V/cm for 30 s, 0.1 M NaO
as injected at 150 V/cm for 60 s for stacking. Fina
50 V/cm was performed for the separation. After each

he capillary was reconditioned, prior to the next an
is, by rinsing it for 10 min in the following sequence: w
er, 0.1 M NaOH, water, and the run buffer. The data
ecorded as a function of time during the CE, and s
n an IBM-compatible computer (1.70 GHz Pentium IV)
0 Hz. Data treatment and analysis were performed usi
utochro data system (Young Lin Instrument Co., Anya
orea).

.4. Microchip capillary electrophoresis

MCE was performed on a DBCE-100 Microchip CE s
em (Digital Bio Technology, South Korea) equipped w
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Fig. 1. (A) Schematic diagram of microfluidic chip. (B) The applied injec-
tion times of OH− and DNA sample and the separation voltage for base
stacking.

a diode-pumped solid-state laser (exciting at 532 nm and
collecting fluorescence at 605 nm; Power Technology, Lit-
tle Rock, AZ, USA), and a high-voltage device (DBHV-100,
Digital Bio Technology). The microfluidic chip was a stan-
dard microfluidic chip (MC-BF4-TT100, Micralyne, USA).
The chip channel was 50�m wide and 20�m deep. The reser-
voirs were 2.0 mm in diameter and 1 mm deep. A double-T
injector with a 100�m offset was selected as a conventional
microfluidic chip. The injection channel length (from reser-
voir 2 to reservoir 4 inFig. 1A) was 8.0 mm. The separa-
tion channel (from reservoir 1 to reservoir 3 inFig. 1A) was
85 mm long and detection was performed at 50 mm from the
injection-T. All the reservoir positions are shown inFig. 1A.
The run buffer was 1× TE buffer with 0.5�g/ml EtBr. The
microchip channel sieving matrix was made by dissolving
2% (w/v) of 1 000 000Mr PVP into the 1× TE buffer with
0.5�g/ml EtBr, shaking for 2 min and letting it stand for
1 h to remove any bubbles. The sieving matrix was hydrody-
namically filled by subjecting the vacuum of 8.67× 104 Pa
(EYELA A-3S vacuum aspirator, Tokyo Rikakikai, Japan)
to the MCE reservoir 3 for 3 min. The sample was pipet-
ted into sample inlet reservoir 2 of the microchip. The nor-
mal sample injection by conventional electrokinetic injec-
tion, was accomplished in the injection-T region by applying
a potential of 480 V at the sample outlet reservoir 4, fol-
l 0 s
( lying
p (1),
s d/or
s mi-
c ater,
0 eak

Fig. 2. Schematic mechanism of base stacking with MCGE separation us-
ing a conventional microchip. The channel length, width, and depth of the
microchip were 85 mm, 50 and 20�m, respectively. Effective length was
50 mm. Reservoirs 1–4 were the buffer inlet, the sample inlet, the buffer
waste reservoir and the OH− inlet (and/or the sample outlet), respectively.
Arrows indicate the fluidic direction. Other indicators are as follows: run
buffer ( ), sample ( ), NaOH ( ), low conductivity (�) and concentrated
sample ( ).

height and the peak areas of DNA fragments were calculated
by OriginPro 7.5 software (OriginLab, Northampton, MA,
USA).

2.5. Base stacking in microchip capillary electrophoresis

All DNA samples and reagents for BS were used in the
conventional electrokinetic injection method. The BS proce-
dure was carried out in the following three steps: (1) Inject
OH− (0.1 M NaOH) into the channel (1×TE buffer) using the
electrokinetic injection method, which applies 533.3 V/cm at
the buffer inlet reservoir 1 and grounding the 0.1 M NaOH
inlet reservoir 4 for 20–40 s (Fig. 2A). (2) Inject the DNA
sample into the channel by applying 600 V/cm at the NaOH
inlet reservoir 4 and grounding the sample inlet reservoir
2 for 60 s (Fig. 2C). (3) Begin BS and separation (Fig. 2D
and E) by applying 117.6–152.9 V/cm at the buffer out-
let reservoir 3 and grounding the buffer inlet reservoir 1.
Migration time was measured from this moment for all
experiments.
owed by grounding the sample inlet reservoir 2 for 6
Fig. 1B). Subsequently, separation was achieved by app
otentials of 0, 170, 1200 and 170 V at the buffer inlet
ample inlet (2), buffer waste (3) and NaOH inlet (an
ample outlet) (4), respectively. After each run, the
rochip channel was rinsed in the following sequence: w
.1 M NaOH, water, and run buffer for 5 min each. The p
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3. Results and discussion

3.1. Base stacking for DNA fragments

Base stacking of DNA fragments in capillary can be
caused by changing the conductivity[24,25]. The OH− ions
neutralize the Tris+ ions to generate a low-conductivity zone.
The conductivity in the capillary can be described in terms
of the following:

L = 1

R
= 1

P/I
= I

P

whereL is conductivity (�−1), R is resistance (�), P is po-
tential (V), andI is current (A). The conductivity is propor-
tional to the current at a constant voltage. To confirm the
formation of a low-conductivity zone, we measured the cur-
rent during the DNA fragments separation, after the injection
of OH− ions in the CGE conditions as follows: run buffer,
1× TE buffer (pH 8.0) with 0.5�g/ml EtBr; sieving gel ma-
trix, dissolving 4% (w/v) of 1 000 000Mr PVP with the 1×
TE buffer; applied electric field, 150 V/cm. During the OH−
(0.1 M NaOH) injection into the capillary filled with Tris+,
the current decreased. The current gap (∼3�A) at the initial
separation step of the CGE-BS proves the formation of the
low-conductivity zone in the mixing zone of Tris+ and OH−
i −
i
t d at
t ase
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a a cap-
i
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t
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state. Therefore, the current gradually returned to its origi-
nal value in a smooth pattern, due to ion migration into the
low-conductivity zone until the DNA fragment separation
was complete (Fig. 3). Thus, it was determined that a low-
conductivity zone would generate much faster than the other
zone.

The BS technique cannot use free-solution CE under stan-
dard conditions[24], which means that the BS method cannot
be used in a free-solution glass microchip. Alternatively BS
can be performed using a cathodic injection end, and em-
ploying certain self-coating polymer-containing separation
buffers that suppress electroosomotic flow (EOF)[29]. We
chose PVP as a self-coating replaceable-polymer network.
The PVP was also employed to act as a separation matrix
for the MCGE separation of DNA fragments. The stacking
in MCGE was similar to the sample enhancement in CGE.
There was no need for complicated steps, or equipment, and
it has better adaptability. The mechanism of BS with MCGE
separation that uses a conventional, commercial, double-T
microchip is illustrated inFig. 2. First, OH− (0.1 M NaOH)
ions are injected into the microchannel (Fig. 2A). As soon
as the OH− ions are introduced into the microchip channel,
a neutralization reaction between OH− ions and Tris+ buffer
ions occurs, which begins to form a lower-conductivity zone
(white regions inFig. 2B). After injecting the DNA sample
( an-
n of
h ties
t are
c
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M
A g.
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a ight
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T h to
s ation
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t
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r esis
b w in-
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p ed
n capillary (dotted circle inFig. 3B). Since OH ions are
mmediately neutralized by the run buffer Tris+ ions when
hey are injected[24], the maximum current gap appeare
he initial separation step. After a hydroxide injection, b
tacking was complete. Separation of DNA fragments
nitiated, the low-conductivity zone was dissipated, and
un buffer in the capillary was restored to a homogen

ig. 3. Comparison of the current at (A) the conventional CGE separ
nd (B) the CGE separation with base stacking. The bare fused-silic

llary 60 cm (30 cm effective length)× 50�m i.d.× 365�m o.d. All DNA
ample concentration is 0.5�g/ml. (A) Conventional electrokinetic inje
ion: DNA sample injection electric field, 50 V/cm for 30 s; OH− (0.1 M
aOH) injection electric field, 150 V/cm for 60 s; separation electric fi
50 V/cm. (B) Base stacking: sample injection electric field, 50 V/cm
0 s; separation electric field, 150 V/cm. Box indicates the schematics
ase stacking in CGE. Other indicators are the same as inFig. 2.
Fig. 2C), stacking of DNA fragments in the microchip ch
el begins in the low-conductivity zone. Within the zone
igh electric field, DNA fragments move at higher veloci

han in the untitrated buffer zone. The fast DNA fragments
oncentrated at the corner of the neutralized zone (Fig. 2D).
eparation starts, the low-conductivity zone dissipates
CGE separation proceeds in a PVP sieving matrix (Fig. 2E).
ll of these steps proceed continuously without stoppin
Baseline separation of DNA fragments is essentia

ccurate quantitative analysis in MCGE. The peak he
nd the peak area of DNA fragments increased as th

ection time of OH− (0.1 M NaOH) increased (Fig. 4). When
H− ions were injected into the microchip channel be
0 s, peaks of DNA fragments were broad because the s

ng procedure was insufficient and only small proportio
as concentrated (Fig. 4C). As the injection time increas
nd exceeded 20 s, there was no signal enhancement a
eight, only reduced resolution. This is due to the fact tha
ver-made neutralization zone reduced the suppressed
nd the DNA molecules adsorbed on the surface of micro
he effective length of the microchip was also not enoug
eparate all the DNA fragments through baseline separ
24]. In general, the amount of on-line sample stacking
oncentration) in CE is proportional to the electrophore
o-sample buffer concentration ratio[30]. Theoretically, a
ample prepared in water should give the highest degr
tacking. However, since electroosmosis occurs much
apidly in the diluted sample than in the electrophor
uffer, the mismatch in the EOF rate causes a laminar flo
ide the capillary, which reduces the sharpness of the sta
rocess[30,31]. In MCGE-BS, the lower conductivity caus
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Fig. 4. Comparison of OH− (0.1 M NaOH) injection time for MCGE sep-
aration with BS. A 0.1 M NaOH injection at an applied electric field of
533.3 V/cm for (A) 30 s, (B) 20 s, (C) 10 s and (D) 0 s. Other MCGE con-
ditions: run buffer, 1× TE with 0.5�g/ml EtBr (pH 8.0 with Trizma-base);
sieving matrix, 2% PVP (Mr 1 000 000) in the run buffer; microfluidic glass
chip, 85 mm total length× 50�m width× 20�m depth, 100�m double-T
injector; 50 mm effective length; sample, 0.5�g/ml of 50-bp DNA ladder;
sample injection with electric field of 600.0 V/cm for 60 s; separation electric
field, 141.2 V/cm. RFU: relative fluorescence unit.

by the over-made neutralization zone between the OH− ions
and Tris+ ions affected the suppressed-EOF in the microchan-
nel, and caused the asymmetric peak-broadening during the
MCGE separation step in PVP sieving matrix (Fig. 4A). Con-
sequently, the injection time of 20 s was selected as the op-
timum injection time for OH− ions at the 100�m offset,
double-T microchip and channel length of 85 mm, under the
applied electric field of 141.2 V/cm for MCGE-BS separation
(Fig. 4B).

The electric field also affected the resolution and migration
time after BS (Fig. 5). When the BS was employed, the migra-

F hore-
s /cm,
( lec-
t ons
a

tion times of DNA fragments decreased linearly by increasing
the field from 117.6 to 152.9 V/cm, while the resolution qual-
ity increased. At the electric field of 141.2 V/cm, the 50-bp
DNA fragments showed a short analysis time with baseline
separation at the BS (Fig. 5B), while the DNA fragments at
the conventional MCGE (Fig. 5E) did not. Within the low-
conductivity zone of a high electric field, the DNA molecules
move at higher velocities than in the untitrated Tris+ buffer
zone. The DNA fragments were concentrated at the edge of
the neutralized zone, because of BS, and showed decreased
migration times. Above the electric field of 152.9 V/cm, none
of the DNA fragments were perfectly separated, due to the
high electric field. However, at the optimum conditions of
MCGE-BS (Figs. 4B and 5B), resolutions of different size
DNA fragments were maintained.

A comparison of MCGE separation with BS and with-
out BS at the separation condition was shown inFig. 6. At
the MCGE-BS, all DNA fragments of the 50-bp DNA ladder
were separated within 5.3 min without a significant loss in
baseline resolution, and with high efficiency (Fig. 6A). The
average calculated signals (n= 5), based on the peak height
measurements, were enhanced 3.9–8.0-fold in the MCGE-
BS separation, when compared to those of the normal MCGE
(Table 1). In particular, the intensity of the 650-bp DNA frag-
ment was enhanced 8.0-fold by BS just by using a hydroxide
i on-
d al
M ased
t NA
l 1 M
N

3

am-
p
f

F BS
a

ig. 5. Comparison of separation voltage for microchip gel electrop
is with base stacking. Applied electric field conditions: (A) 152.9 V
B) 141.2 V/cm, (C) 129.4 V/cm, (D) 117.6 V/cm and (E) conventional e
rokinetic injection without BS, 141.2 V/cm. Other MCGE-BS conditi
re as shown inFig. 4.
on and a conventional double-T microchip in the given c
itions (Table 1andFig. 6). When compared to convention
CGE separation, the MCGE-BS method easily incre

he detection sensitivity for the analysis of a 50-bp D
adder (50–2650-bp DNA fragments) by simply using 0.
aOH.

.2. Application of the MCGE-BS for a clinical sample

The MCGE separations, with and without BS, of the
lified 816-bp DNA fragment from the 18S rRNA ofT.buffeli

or the diagnosis of bovinetheileriaare compared inFig. 7.

ig. 6. Comparison of MCGE separation (A) with BS and (B) without
t optimum condition. Other MCGE conditions as shown inFig. 4.
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Table 1
Comparison of the ratios of peak area and peak height of DNA fragments
obtained by the conventional MCGE method without base stacking (A) and
the MCGE-BS method (B)

DNA
fragments (bp)

Peak height
ratio A:B

Peak area
ratio A:B

50 1:3.9 1:2.7
100 1:5.7 1:4.2
150 1:6.1 1:5.4
200 1:4.5 1:2.7
250 1:5.1 1:3.2
300 1:6.9 1:4.5
350 1:5.2 1:2.7
400 1:6.2 1:4.4
450 1:5.1 1:2.6
500 1:7.1 1:4.0
550 1:7.0 1:5.2
600 1:6.6 1:4.2
650 1:8.0 1:5.2
700 1:7.2 1:3.9
750 1:5.4 1:1.9
800 1:6.7 1:2.6

2650 1:5.1 1:1.2

According to previous studies[26,27], there was no notable
difference between the PCR products of the purified DNA
sample and the whole blood sample. The content of the am-
plified 816-bp DNA fragment in the PCR products of purified
DNA was about four times higher than that of the whole blood
sample. Sometimes, however, the poor detection sensitivity
of DNA fragments for PCR assays from clinical samples can
lead to an incorrect diagnosis. By using the MCGE-BS for
the diagnosis of bovinetheileria, the mean peak height (n= 5)
was increased 7.0-fold, compared to that of normal MCGE
without BS. There were no other peak-broadening effects or

F con-
v
p
i tric
fi GE
s for
6 re the
s

increasing migration time. This data indicates that the detec-
tion sensitivity of MCGE-BS can easily be achieved using an
amplified PCR DNA fragment with conventional electroki-
netic injection mode and base stacking. This process provides
sufficient sensitivity for clinical analysis, such as the diagno-
sis of bovinetheileria, without any chip modification.

4. Conclusions

Preparing the DNA sample in the same electrophoresis
buffer, but at a lower conductivity, causes the sample resis-
tance and field strength (V/cm) in the sample plug to in-
crease[32]. In turn, the neutralization reaction between OH−
ions and Tris+ ions causes the DNA molecules to migrate
rapidly and stack as a sharp band at the edge of the low-
conductivity zone (neutralized zone). As a result of the BS
of DNA molecules, the DNA fragments were concentrated
by up to 8.0-fold. The BS mechanism was very simple, and
useful in the analysis of different size DNA fragments in
MCGE-BS, as it provided enhanced sensitivity, high plate
numbers, and better separation, without additional complex
steps and/or chip modification. The BS in microchip was in-
duced by simple electrokinetic injection of hydroxide ions.
A neutralization reaction between these OH− ions and the
c r
c d the
fi used
a mi-
c

heat
c ening
a ents.
G cen-
t
s ld be
o ntly,
i fied
m
s

A

ing
t from
t el-
f

R

03)

lus,
ig. 7. MCGE separation (A) with base stacking, and (B) without BS (
entional electrokinetic injection) for the diagnosis of bovinetheileriaPCR
roduct. (A) MCGE separation with the base stacking: OH− (0.1 M NaOH)

njection electric field, 533.3 V/cm for 20 s; DNA sample injection elec
eld, 600.0 V/cm for 60 s; separation electric field, 141.2 V/cm. (B) M
eparation without BS: DNA sample injection electric field, 600.0 V/cm
0 s; separation electric field, 141.2 V/cm. Other MCGE conditions we
ame as shown inFig. 6.
ationic buffer component Tris+ resulted in a zone of lowe
onductivity, which increased the sample resistance an
eld strength (V/cm) in the sample plug. The process ca
field focusing of different size DNA fragments in the

rochip channel.
In addition, as a result of high field effects, excessive

an be generated in the sample plug, causing band broad
nd thermal degradation in some of the MCE compon
enerally, the ratio of on-line sample stacking (or con

ration) in MCE is proportional to the OH− ions and DNA
ample injection amount. The same phenomena shou
bserved in the MCGE-BS of the microchip. Conseque

f we want to significantly enhance the sensitivity, a modi
icrochip is needed to increase the OH− ions and the DNA

ample amount.

cknowledgements

The authors thank Digital Bio Technology for supply
he MCE system. This study was supported by a grant
he Korea Health 21 R&D Project, Ministry of Health & W
are, South Korea (02-PJ10-PG4-PT02-0042).

eferences

[1] L. Zhang, F. Dang, Y. Baba, J. Pharm. Biomed. Anal. 30 (20
1645.

[2] A. Manz, D.J. Harrison, E.M.J. Verpoorte, J.C. Fettinger, A. Pau
H. Ludi, H.M. Widmer, J. Chromatogr. 593 (1992) 253.



D.-K. Kim, S.H. Kang / J. Chromatogr. A 1064 (2005) 121–127 127

[3] D.J. Harrison, A. Manz, Z. Fan, H. Ludi, H. Widmer, Anal. Chem.
64 (1992) 1926.

[4] D.J. Harrison, K. Fluri, K. Seiler, Z. Fan, C.S. Effenhauser, A. Manz,
Science 261 (1993) 895.

[5] S.C. Jacobson, R. Hergenroder, L.B. Koutny, J.M. Ramsey, Anal.
Chem. 66 (1994) 1114.

[6] S.C. Jacobson, R. Hergenroder, L.B. Koutny, R.J. Warmack, J.M.
Ramsey, Anal. Chem. 66 (1994) 1107.

[7] S.C. Jacobson, R. Hergenroder, L.B. Koutny, J.M. Ramsey, Anal.
Chem. 66 (1994) 2369.

[8] S.C. Jacobson, R. Hergenroder, A.W. Moore Jr., J.M. Ramsey, Anal.
Chem. 66 (1994) 4127.

[9] A.T. Woolley, R.A. Mathies, Proc. Natl. Acad. Sci. U.S.A. 91 (1994)
11348.

[10] A.T. Woolley, R.A. Mathies, Anal. Chem. 67 (1995) 3676.
[11] H. Yang, R.-L. Chien, J. Chromatogr. A 924 (2001) 155.
[12] A. Wainright, S.J. Williams, G. Ciambrone, Q. Xue, J. Wei, D. Har-

ris, J. Chromatogr. A 979 (2002) 69.
[13] I.-T. Kuo, T.-C. Chiu, H.-T. Chang, Electrophoresis 24 (2003) 3339.
[14] Z.Q. Xu, T. Hirokawa, T. Nishine, A. Arai, J. Chromatogr. A 990

(2003) 53.
[15] A. Wainright, U.T. Nguyen, T. Bjornson, T.D. Boone, Electrophoresis

24 (2003) 3784.
[16] J. Palmer, D.S. Buri, N.J. Munro, J.P. Landers, Anal. Chem. 73

(2001) 725.

[17] J. Lichtenberg, E. Verpoorte, N.F. Rooij, Electrophoresis 22 (2001)
258.

[18] R. Bodor, D. Kaniansky, M. Maśar, K. Silleov́a, B. Stanislawski,
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